INTRODUCTION
The authors have recently described a method of estimating the rate of primary production by phytoplankton from mcasuremcnts of chlorophyll, light penetration, and incident radiation (Ryther and Yentsch 1957) . During the past year we have investigatcd this method further and have cmployed it routinely, whcncver possible in conjunction with the Cl4 and "light and dark bottle" oxygen techniques.
These studies were carried out as part of an investigation of the plankton ecology of the continental shelf region off New York. The measurements of productivity in thcmselvcs represent a minor part of the total effort of this investigation.
They arc presented here primarily to demonstrate the use and to some extent the reliability of the above- mentioned new technique throughout a period of a year and in waters where production varies widely both seasonally and gcographically.
CRUISE PLAN AND METIIODS
Productivity measurements have been made at 25 stations in the continental shelf area off New York. These stations are arranged in a triangle, two sides of which constitutc sections across the shelf in depths of water ranging from about 50 to 2000 meters. The inshore end of one section is opposite Montauk Point, Long Island; that of the other is near Barnegat Lightship off the New *Jersey coast,. The third leg of the triangle connects these inshore stations and is laid out closely parallel to and slightly inside the 50-meter contour.
The location of these stations is shown in F'igurc 1.
At each station of 100 meters or more of depth water samples were collected with a plastic-lined sampler from depths of 0, IO, 25, 50, 75 , and 100 meters. At stations of less depth, samples were collected from 0, 10, and 20 mctcrs and thcrcafter at 20-meter intervals to the bottom.
Normally twoliter samples from each depth were milliporc filtered and subsequently analyzed for plant pigments according to the method of Richards with Thompson (1952) as modified by Creitz and Richards (1955) . When phytoplankton was scarce, two casts were made and 4 to 5 liters of water were filtered.
Water from the lo-meter sample was dispensed into two transparent and two darkened bottles, one of each receiving approximately 3 pcuries of CNI=.
All four bottles were then placed in an incubator cooled with running sea water and illuminated with ten 15-watt fiuorcscent lamps, which provided a light intensity incident to the bottles of 1500 foot-candles.
The samples containing Cl4 were removed after 12 hours, filtered, and productivity calculated according to the method of Stccmann Nielsen (1952) except that the dark uptake of Cl4 was routinely subtracted from that observed in the light and no correction was made for respiration.
The other pair of light and dark bottles was removed from the incubator after 24 hours, their oxygen concentration detcrmined by the Winkler method, and photosynthesis (expressed as carbon fixed) calculated from the difference between them, using an assimilatory quotient (OJCOZ) of 1.25 (see Ryther 1956a) .
During each cruise in situ Cl4 measurements were also made, weather permitting, at one shallow station ( < 50 meters), one deep station (> 1000 meters), and one station of intermediate depth.
For these measurements light and dark bottles with CY40a added were filled with the water samples taken from each depth to 100 m or to the bottom.
These were then fastened to a wire, suspended at the depths from which the samples were taken, and cxposed to natural illumination, usually from sunrise to noon, occasionally from noon to sunset or from sunrise to sunset. The samples were processed, and productivity was calculated in the same way as for the incubatorexposed Cl4 samples.
Light penetration was measured at each station occupied during daylight with a submarine photometer.
The mean extinction coefficient of daylight was calculated over the depth to which 1% of the surface light penetrated.
Where direct photometry could not be employed due to unfavorable weather or limitation of time, Secchi disc readings were converted to values for cxtinction coefficient using ihe relationship k 1.7 = Secchi disc as proposed by Poole and Atkins (1929) , which was consistent with our measurcmcnts where both methods were employed.
Extinction coefficients for stations occupied at night were estimated by interpolation betwccn stations where measurements could be made in daylight.
The daily rate of primary production (mgC/m"/day) was calculated for five depths from chlorophyll a, light penetration, and incident radiation using the equations given by Ryther and Yentsch (1957) . This was done for every cruise and at every station. These values, and those obtained from in situ Cl4 measurements, were plotted against depth and graphically integrated to give daily production on an arcal (square meter) basis.
Normally radiation values used in these calculations were taken from Kimball's (1928) tables, so that production is expressed in terms of average or normal radiation for the area studied and the particular time of year in question. IIowever, at those stations and times when in situ Cl4 expcrimcnts were conducted simultaneously, in order that the two methods could be compared, production was calculated from radiation vnlucs which wcrc actually measured using tither a recording Epply Pyrheliometcr or a G. E. Radiation Meter.
The mcasurcments which will bc presented in this paper wcrc made during six cruises in the months of September, December, l?ebruary, March, May, and July, and will thus give a rough picture of the annual cycle of primary production in these coastal waters.
TiIE
RELATIONSIIIP BETWEEN
PI-IOTOSYNTIIESIS AND CIILOROPITYLL a
In the earlier studies already rcferrcd to the relationship bctwecn photosynthesis at optimum light intensity and chlorophyll a was determined using natural plankton populations from the Woods Hole region and cultures of marinc phytoplankton.
The results of these experiments and some values from the litcraturc were used to calculate a mean value of 3.7 grams carbon assimilated per hour per gram of chlorophyll a.
Z'igurc 28 shows the ratio of photosynthesis per hour at optimum light and chlorophyll a as determined from the lo-meter samples collected at each station during the six continental shelf cruises. The open circles represent values obtained by the "light and dark bottle" oxygen method; the closed circles arc values obtained by 04 uptake. The data are plotted as a log function so that both high and low ratios will appear equally weighted on the graph. Thcrc is still some bias in favor of high ratios obtained by the oxygen method, however, since with large positive diffcrcnces between light and dark bottles, one cannot distinguish between experimental error and high photosynthesis, and the data arc thcref arc included, while ncga tivc diff erenccs (more oxygen in the dark than in the light bottles) were recognizable as experimental error and discarded. The absence from the graph of values obtained by the oxygen method indicates either that such measurements wcrc not attempted (i.e., during the first two cruises) or that significant results were not obtained.
The lint drawn through Figure 2A reprcsents the 3.7 ratio obtained in the earlier experiments described above. The points JOHN H. RYTHER AND CHARLES 8. YENTSCH obtained by the oxygen method appear to be distributed rather evenly about this line despite their high degree of scatter. This is more obvious if one looks at the frequency distribution of the ratios in Figure 3A , which shows a decided peak of values ranging from 3.0 to 4.0 and a normal distribution of ratios about this mode.
In our earlier report, we acknowledged that the value 3.7 was no more than the mean of some highly variable data, and that there was little reason to assume that it would be constant under all conditions. The data presented here certainly show no less variability.
However, there is no obvious effect of environmental conditions upon the ratio despite rather wide variations in the abundance of phytoplankton (i.e., chlorophyll a), the concentration of available nitrogen and phosphorus, and temperature (I'igurc 2B, C, D, and E). This is a hopeful indication that most of the scatter of our observations. is due to experimental error. Unless this error is systematic in nature, the mean would appear to assume greater reliability than WC had originally hoped for.
The values obtained by the Cl* method are obviously scattered for the most part below the 3.7 line, as emphasized again by their frequency distribution (Fig. 3B.) . I'urthermore they show no obvious normal distribution about a mean, as do the oxygen values, but appear to be almost equally spread between values of 1.0 and 4.0, and with a considerable number below 1.0. A similar variability in the relationship between chlorophyll cc and Cl4 uptake has been reported by Holmes et al. (1957) , Holmes is not constant (Ryther 1954; Ketchurn et al., in press ). If this is true and Cl4 uptake, uncorrected for respiration, is a measure of net photosynthesis (Ryther 1954 (Ryther , 1956a (Ryther , 1956b , then the ratio of Cl4 uptake: chlorophyll should not be constant and should fall below 3.7 by an amount equivalent to respiration.
The fact that these ratios are quite variable and are, for the most part, less than 3.7 is consistent 2.6 -2.4 -1.6 -with this hypothesis.
There is some indica-** r, JULY n n tion that the highest Cl4 : chlorophyll ratios .4 existed during the spring when they closely 0 h-rkuklwth approached the 3.7 value, indicating that were also highest as will be shown in the by CP method and/or calculated from chlorophyll, following section. No attempt has been made here to depict seasonal or geographical variations, which will be discussed in the following section, but this complete presentation of data will illustrate the magnitude and range of production, its relation to water depth, and its variability from station to station.
However, the main purpose of the figure is to show the comparison between values calculated by the chlorophyll and the in situ Cl4 methods .
Of the 17 pairs of data obtained by the two methods, five agree within 10 % and all but four differ by less than two-fold.
Since the chlorophyll and Cl4 methods measure gross and net production respectively, some difference between them is to be expected. It is true that where there is a big discrcpancy, the Cl4 method consistently gave the lower values. But the cases in which the two methods agree and disagree do not seem to be in accord with other evidence In July and September, when the water was thermally stratified, nutrients low, and the crop of phytoplankton at its minimum, the greatest discrepancy between net and gross production might be expected. At those times the Cl4 and chlorophyll methods gave comparable results, with the former often the higher. On the other hand, during the spring flowering net and gross production should be nearly equal; yet in March and April when production was highest, the greatest discrepancy between the two methods was observed. We do not yet understand this apparent inconsistency, which may result from some systematic error in either method. It is virtually certain that such errors exist, in sampling and technique as well as in the assumptions upon which the calculations are based. Until these arc eliminated, or at least assessed, there can be little significance attached to differences between values obtained by the two methods.
SEASONAL AND GF:OGRAPHIC!AL VARIAI3ILITY OF PRIMARY PRODUCTION
It is difficult to construct a picture of the annual c.yclc of primary production with data obtained from six cruises. However, the times of these cruises were chosen so as to coincide with the periods of most rapid change or greatest contrast in biological activity.
To the extent that these were wise choices, some idea may be had of the seasonal trend and annual range of production. Similarly, geographical variability may bc examined within the arca studied, which again was chosen for its contrasting features particularly with respect to water depth.
These temporal and spatial trends are somewhat obscured by the high degree of variability of data from one station to the next during any one cruise (set Fig. 4) . Judging from the variability of other chemical and biological parameters (Fig. 2) , there is reason to assume that this erratic distribution actually exists, though it may be exaggerated by experimental error. ThC resulting rather confusing picture may be improved by averaging the results from several geographically similar stations. This was done for five shallow, inshore stations (A, S, U, W, Y), five stations of intermediate depth ('Is, C, D, 0, N), and five stations of greater than 1000 meters depth (I?, G, 11, J, K). Productivity data used in this discussion arc limited to measurements obtained by the chlorophyll method. The results are illustrated in Figure 5 .
It may be seen that the annual range of production does not, differ appreciably between the inshore and offshore locations, 0.20-0.85 g carbon/m2/day for the former and 0.10-l .lO g carbon/m2/day for the latter. It is interesting to compare thcsc values with Riley's most recent estimates of production in Long Island Sound (Riley 1956) which, when converted to carbon assimilation by t,he method used above, indicate a range of 0.23-1.70 g carbon/m2/day for 1952-3 and 0.24-1.51 g carbon/m2/day for 1953-4. His calculations are based upon in situ chemical changes in the water column over periods of several weeks, and such longterm averages obscure extremes which may persist for a few days only. On the other hand, there is no reason to assume that the six continental shelf cruises (comprising in all about one month out of the year) would Mean daily primary production bcmath a square meter of sea surface at five shallow, iivc intermediate, and five deep stations for each of six cruises.
coincide exactly with the period of maximum and minimum production, even though they were chosen with this object in view. Thus WC may tentatively conclude that the annual range of production is about the same from Long Island Sound across the adjacent continental shelf to the slope waters. Extending the comparison to truly oceanic conditions, we may again refer to Riley (1957) who has recently made new estimates of primary production in the north central Sargasso Sea. His values for gross production range from 0.09 to 0.89 g carbon/m2/ day, again strikingly similar to the range observed in the other regions discussed above.
This similarity in the annual range of production is not surprising, for it simply illustrates the fact that throughout the oceans enrichment processes exist, at times of sufficient magnitude that nutrient concentrations do not limit photosynthesis, at other times so weakly developed that organic production is probably largely dependent upon rcgcneration of nutrients within the euphotic layer. This, of course, does not imply that total annual production is cornparable in these different parts of the sea. It is rather obvious from Figure 5 that this value is higher in the inshore arca than in the shelf or slope waters, due to the persistence of relatively high production in the shallow waters throughout the winter and spring in contrast to the spring flowerings of greater magnitude but of briefer duration which occurred in the deeper waters.
The fact that the onset of the spring flowering in temperate latitudes is earlier in shallow and later in deep waters, and the explanation for this phcnomcnon, has been dealt with by Svcrdrup (1953 ), Riley (1957 , and others and riced not bc discussed in detail here. In brief it involves the interrelationship between the depths of the euphotic and mixed layers (i.e., Sverdrup's critical depth) which detcrmincs the average light intensity to which the phytoplankton community is exposed. Since shallow coastal waters arc mixed t'o the bottom in wintertime, the average light intensity within the water column is inversely proportional to its depth, and in sufficiently shallow waters the avcragc plant cell within the water column receives adequate light for production throughout the year. In such places the plants have access to the nutrients dissolved within the entire water column and rcgcncrated from the bottom, photosynthcsis is limited by light only, and production can persist at a modcratcly high level throughout the winter and spring, and until thermal stratification imposes a barrier between the illuminated plants in the upper water and the reservoir of nutrients in the deep water and the bottom.
Following the dcvelopmcnt of the thermocline there may be a brief period of high production, since the average cell above the thermocline is now exposed to much greater radiation. But the limited supply of nutrients in these surface waters is then quickly exhausted, and photosynthesis is reduced to a low level throughout the summer and until cooling and mixing processes again destroy the thermocline.
In contrast to the situation described above, the offshore waters are mixed in winter to a depth of 200 m or more, and the average plant cell within this water column does not receive sufficient light to grow, Hcrc production exists at a low level throughout the winter and until thermal stratification retains the cells in the upper water layer. There then follows the classical spring,flowering which may be of greater magnitude than that occurring in the shallow waters (see Fig. 5 ), since the nutrients have not been depleted by growth during the winter.
As in the shallow water this activity rapidly exhausts the supply of nutrients from the surface waters, and low summer production ensues, perhaps punctuated by minor flowerings resulting from the temporary breakdown of the thermocline through local storm action, as described by Riley (1957) .
Thus daily photosynthesis in the open sea may equal or exceed that of shallow coastal waters, but high levels of production in offshore waters cannot be sustained over long periods, as they may be inshore, unless there exist mechanisms such as upwelling for the continued enrichment of the surface waters. Except in these cases the annual production of the oceans must be considerably lower than that of shallow coastal waters 50 meters or less in depth.
As mentioned earlier, no accurate calculation of annual production may bc made from six scattered points. But a rough and rather subjective estimate (obtained by drawing a smooth annual curve through the points) is of some interest, particularly when compared with Riley's values for Long Island Sound and the Sargasso Sea. For the sake of consistency, the latter have been recalculated from Riley's data using an assimilatory quotient of 1.25 in converting from oxygen changes to carbon fixation. The 
